Aim: To study whether calcium-modulating proteins CASQ2, FKBP12.6 and SERCA2a participate in diabetic cardiomyopathy, and whether the beneficial actions of testosterone, sildenafil or fructose diphosphate Sr (FDP-Sr) in the treatment of diabetic cardiomyopathy result from suppressing these molecules. Methods: Fifty male Sprague-Dawley (SD) rats were divided into five groups. Except for the normal group (non-diabetic), the other four groups were injected with streptozotocin (STZ, 60 mg/kg, ip) to induce diabetes. Four weeks after STZ injection, the four groups received sildenafil (12 mg·kg , sc, for 4 week), or no treatment, respectively. Results: In the diabetic rats, blood glucose, free fatty acids, triglycerides, total cholesterol, and low-density lipoprotein cholesterol (LDL-C) were significantly increased, while high-density lipoprotein cholesterol (HDL-C) was significantly reduced, as compared to the non-diabetic rats. Cardiac dysfunction and myocardial hypertrophy of the diabetic rats were associated with increased mRNA and protein expression of iNOS, OBRb, and PKCε, while expression of CASQ2, SERCA2a, and FKBP12.6 was significantly down-regulated. Sildenafil and FDP-Sr, but not testosterone, significantly attenuated the biomarker abnormalities, without changing the metabolic abnormalities. Conclusion: CASQ2, FKBP12.6 and SERCA2a were down-regulated in diabetic cardiomyopathy. Sildenafil and FDP-Sr, but not testosterone, attenuated the cardiac dysfunction in diabetic cardiomyopathy, without changing the metabolic abnormalities, which may results from inhibiting oxidative and inflammatory cytokines and improving calcium homeostasis. .
Introduction
By 2025, there will be an estimated 300 million people worldwide suffering from diabetes mellitus (DM) [1] . Up to 80% of morbidity and mortality in diabetic patients is due to cardiovascular disease (CVD). Initially, cardiac changes are asymptomatic. Later, left ventricular hypertrophy as well as diastolic and systolic dysfunction develops, and finally, symptomatic heart failure occurs. This unique pathological process is referred to as diabetic cardiomyopathy [2, 3] . The main cause of diabetic cardiomyopathy is metabolic changes characterized by a sustained elevation of blood glucose and lipids, which promotes the formation of advance glycation end products (AGEs) over time [4, 5] . AGE excess stimulates glycosylation, which adversely affects cardiac contractility, likely through calcium-modulating proteins in the sarcoplasmic reticulum (SR). Sarcoplasmic reticulum calcium pump 2a (SERCA2a) is responsible for the uptake of intracellular calcium back into the SR and is essential for cardiac function. SERCA2a is very sensitive to posttranslational modification, and glycosylation of SERCA2a leads to cardiac dysfunction [6, 7] . The systolic function of myocardial cells relies mainly on ryanodine receptor type 2 (RyR2), FOK binding protein/ calstabin 2 (FKBP12.6), SERCA2a, and troponin C, whereas diastolic function is dependent on SERCA2a and sodium calcium exchangers (NCX). Calcium homeostasis, the basis of cardiac function, relies on the release (RyR2 and FKBP12.6), uptake (SERCA2a and phospholamban, PLB), and storage (calsequestin 2, CASQ2) of Ca 2+ in the SR. RyR2, FKBP12.6, SERCA2a, and PLB were found to be downregulated in failing hearts and diabetic cardiomyopathy, but these changes can be Sildenafil and FDP-Sr attenuate diabetic cardiomyopathy by suppressing abnormal expression of myocardial CASQ2, FKBP12.6, and SERCA2a in rats 1 www.nature.com/aps Cheng YS et al Acta Pharmacologica Sinica npg alleviated by drug intervention [8, 9] . Furthermore, SERCA2a overexpression is protective against STZ-induced cardiotoxicity in rats [10] . CASQ2 holds Ca 2+ in the ER lumen and affects calcium release during the cardiac cycle. CASQ2 or RyR2 mutations may lead to a dangerous arrhythmia called catecholaminergic polymorphic ventricular tachycardia (CPVT) [11] . Additionally, abnormal CASQ2 expression can be caused by isoproterenol and relieved by CPU0213, an endothelin receptor antagonist [11, 12] . We aimed to explore if downregulation of CASQ2 disrupts calcium homeostasis in diabetic cardiomyopathy. Currently, no studies have investigated how changes in CASQ2 expression affect diabetic cardiomyopathy.
Recent evidence has suggested that low serum testosterone, as seen in male hypogonadism, is an independent risk factor for cardiovascular disease (CVD) due to increased inflammatory factors and cytokines in the myocardium [13] . Testosterone replacement therapy (TRT) has become an attractive intervention that may relieve the cardiac dysfunction associated with late-onset hypogonadism, a potential oxidative stress, through its antioxidant activity [14] [15] [16] . Sildenafil, a phosphodiesterase type 5 (PDE5) selective inhibitor, has been shown to improve heart failure by correcting vascular dysfunction through increasing vascular cyclic guanosine monophosphate (cGMP), endogenous NO, and free radical-scavenging activity [17, 18] . However, the efficacy of sildenafil in attenuating diabetic cardiomyopathy has not been shown. FDP-Sr, a derivative of FDP that contains three extra adenosine triphosphates (ATPs) in the moiety, has been shown to be effective in attenuating diabetic cardiomyopathy [19, 20] ( Figure 1 ).
We hypothesized that diabetic cardiomyopathy was a unique disorder characterized by cardiac dysfunction associated with low serum testosterone and downregulated calciumhandling proteins at the SR, including CASQ2, FKBP12.6, and SERCA2a. In this study, the effects of FDP-Sr, sildenafil, and testosterone on diabetic cardiomyopathy were tested in terms of relieving oxidative stress and normalizing calcium homeostasis in the myocardium.
Materials and methods

Animals
Adult male Sprague-Dawley (SD) rats weighing 200-220 g were used. They were housed in a controlled environment and allowed free access to water and food. Animal handling and experimental procedures were in accordance with the regulations of the Jiangsu Provincial Government and the Principles of Laboratory Animal Care published by the US National Institutes of Health (NIH Publication No 85-23, revised 1996).
Experimental protocol
Fifty SD male rats were randomly divided into five groups. Except for the non-diabetic group, rats were injected with STZ (60 mg/kg, intraperitoneal) once. On days 7, 14, 21, and 28 after STZ administration, blood glucose was measured. Blood glucose consistently greater than 16.7 mmol/L was considered to be indicative of diabetes. During weeks 5 to 8 after STZ injection, animals were treated with sildenafil (12 mg/kg, ig), FDP-Sr (200 mg/kg, ig), or testosterone propionate (4 mg/kg, subcutaneous). Rats in the non-diabetic or STZ untreated groups were given an equal amount of citric acid buffer.
Hemodynamic changes
On day 57, the rats were anesthetized with urethane (1.5 g/kg, intraperitoneal). A catheter (PE 50, ID 0.58 mm, OD 0.965 mm, Becton Dickinson, San Jose, CA, USA) was inserted into the left ventricular (LV) chamber through the right carotid artery to measure LV systolic blood pressure (LVSP), LV end diastolic blood pressure (LVEDP), maximum rising rate of LV pressure (LV+dp/dt max ), and minimum declining rate of LV pressure (LV-dp/dt min ), as described previously [21] .
LV weight index
After hemodynamic measurements, the rats' hearts were excised and dissected into the LV free wall plus septum (LV) and right ventricle (RV). The LV weight index was assessed as the weight of the LV divided by body weight (LVW/BW).
Cell culture
Cardiomyocytes isolated from neonatal rats (1-3 d old) were cultured for 72 h in DMEM medium containing 20% fetal bovine serum and 0.1 mmol/L bromodeoxyuridine. The adherent cell density was 0.5×10 6 /mL. Then the cardiomyocytes were incubated for 24 h with testosterone (10 -5 , 10 -6 , or 10 -7 mol/L), FDP-Sr (10   -5 , 10 -6 , or 10 -7 mol/L), or sildenafil (10 -5 , 10 -6 , or 10 -7 mol/L). The control cells were treated with DMSO. CASQ2 mRNA and protein expression were measured to investigate if changes in CASQ2 could be induced by testosterone, FDP-Sr, or sildenafil in the absence of high-glucose medium.
RT-PCR
Total RNA was extracted using Trizol reagent (Biouniquer Technology Company, Nanjing, China) according to the manufacturer's instructions. Five milligrams of RNA was used to synthesize cDNA using SUPERSCRIPT II RNase H-Reverse Transcriptase (Biouniquer Technology Company, Nanjing, China) according to the manufacturer's protocol. This cDNA was used as a template for the PCR reactions [22] . PCR primers specific for iNOS, OBRb, PKCε, CASQ2, FKBP12.6, SER- CA2a, and GAPDH were designed as indicated in previous reports [12, 21] .
Western blotting
For quantitative analysis of myocardial phosphorylated PKCε (pPKCε), CASQ2, FKBP12.6, and SERCA2a protein levels, 100 mg of heart tissue was homogenized in 1 mL of extraction buffer and centrifuged at 10 000×g for 10 min as previously described [21] . After determining protein concentration, the supernatants were stored at -20 °C. An aliquot was heated to 100 °C for 10 min and size fractionated using 10% sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE). The extracted protein was transferred to a nitrocellulose membrane and blocked with nonfat milk (5% w/v) followed by incubation with primary antibody for another 1-2 h at 37 °C. After three washes, the blot was incubated with horseradish peroxidase-conjugated goat secondary antibody IgG (Affinity Bioreagents; 1:500) for an additional 1 h at 37 °C [22] . Antigen was detected with a DAB kit. The density of the bands was analyzed using Labworks imaging acquisition and analysis software (GDS8000, Syngene, UK).
Statistical analysis SPSS 11.5 (SPSS company, Chicago, USA) was used to analyze the results. Data were presented as the mean±SD. For statistical evaluation, one-way analysis of variance was used followed by Dunnett's test. The Student Newman Keuls test was performed when the variance was equal, and the GamesHowell test was performed when the variance was not equal. A P-value of less than 0.05 was considered statistically significant.
Results
Serum glucose, lipids, and androgens
In the diabetic group, blood glucose, free fatty acids, triglycerides, total cholesterol, and LDL-C were significantly increased, and HDL-C was significantly decreased, indicating that the STZ-injected rats had marked metabolic changes (P<0.01). Single treatment with testosterone, Sildenafil, and FDP-Sr had no effects on the metabolic changes (Figure 2 ). Serum androgens (nmol/L) were sharply reduced in the STZ-injected rats (4.6±1.9, P<0.01) compared to the non-diabetic group (15.6±4.1). Serum androgens were significantly elevated in the testosterone group compared to the diabetic untreated group (12.9±2.1, P<0.01). There was no difference compared to the non-diabetic rats. The FDP-Sr group had a moderate increase in serum androgen compared to the diabetic untreated group (10.6±2.6, P<0.01). Sildenafil did not raise serum androgen (5.8±2.1).
Cardiac performance
In the diabetic group, LVSP and LV plus dp/dt max decreased significantly, while LVEDP and LV-dp/dt min significantly increased compared to the non-diabetic group (P<0.01). Sildenafil and FDP-Sr led to a significant recovery in cardiac dysfunction (P<0.01). Additionally, the diabetic untreated group had a significantly increased LV mass index compared to the normal group (P<0.01). This increase was blunted by FDP-Sr and sildenafil. In contrast, testosterone had no effect on the hemodynamic or LV mass index abnormalities (Figure 3) . Oxidative stress Plasma malondialdehyde (MDA), a measure of oxidants, was significantly elevated, and GSH-Px, an antioxidant marker, was significantly decreased in the diabetic untreated group compared to the non-diabetic group (P<0.01, respectively). Therefore, the diabetic rats had significant oxidative stress. Sildenafil and FDP-Sr suppressed MDA and raised GSH-PX levels compared to the diabetic untreated group (P<0.01, Figure 4) . Thus, the antioxidant activity of sildenafil and FDP-Sr ameliorated the pathological changes in diabetic cardiomyopathy. Testosterone did not significantly block these pathological changes (Figure 4 ).
Cardiac iNOS, OBRb, and PKCε
In the diabetic rats the mRNA expression of iNOS and OBRb, a leptin receptor, was significantly increased (P<0.01). Additionally, PKCε mRNA expression was significantly increased (P<0.01). Sildenafil and FDP-Sr ameliorated the abnormal expression of iNOS, OBRb, and PKCε mRNA (P<0.01). In contrast, testosterone did not affect any of these biomarkers 
Calcium homeostasis
Calcium homeostasis in the myocardium is maintained by the calcium-handling proteins, which control intracellular calcium release, uptake, and storage in the SR and are manipulated by bioactive molecules, including FKBP12.6, the main regulator of RyR2, as well as SERCA2a and CASQ2. In the diabetic rats, mRNA and protein expression of CASQ2, SERCA2a, and FKBP12.6 were reduced (P<0.01). This indicates that aspects of calcium homeostasis, such as calcium release, uptake during diastole, and calcium-storing capacity in the SR are impaired in diabetic cardiomyopathy. The biomarker abnormalities may lead to heart failure and severe arrhythmias, which are likely to appear in diabetic cardiomyopathy. Sildenafil and FDP-Sr attenuated the abnormal expression of these molecules (P<0.01). Testosterone ameliorated CASQ2 and SERCA2a mRNA expression but had no effects on their protein expression. Testosterone had no effects on both mRNA and protein expression of FKBP12.6 ( Figure 6 ).
CASQ2 mRNA and protein expression were measured in cardiomyocytes grown in normal medium with normal glucose as well as sildenafil, FDP-Sr, and testosterone. No difference in CASQ2 expression was found in these cells compared to the cardiomyocytes in the absence of drug interventions ( Figure 7) . Therefore, we believe that sildenafil and FDP-Sr are effective in improving abnormal calcium homeostasis and cardiac dysfunction by suppressing the pathological processes due to hyperglycemia in the diabetic rats.
Discussion
In diabetic cardiomyopathy, low serum testosterone and changes in glucose and lipid metabolism are the main factors responsible for disease progression. The cardiac dysfunction and hypertrophy in diabetic rats responded significantly to sildenafil and FDP-Sr but not testosterone. However, sildenafil and FDP-Sr did not improve hyperglycemia or hypercholesterolemia. The metabolic changes were not linked directly to cardiac dysfunction. Intermediate events, such as ROS and inflammatory factors, are critical in the pathogenesis of diabetic cardiomyopathy.
In this study, cardiac dysfunction in rats likely correlates with low serum testosterone; thus, we treated the mice with exogenous testosterone, which is a common way to correct this deficiency [23] . FDP-Sr moderately raises serum testosterone, likely through improving pathological changes in the testes. In contrast, sildenafil plays no role in correcting low serum testosterone. As a result, sildenafil and FDP-Sr, rather than testosterone supplement, dramatically attenuate cardiac dysfunction and oxidative stress. Exogenous testosterone did not alleviate diabetic cardiomyopathy, likely because it lacks significant antioxidant activity and cannot overcome the pathological changes induced by hyperglycemia.
Increased oxidative stress in vivo has been shown to contribute to the pathogenesis of diabetic cardiomyopathy [24, 25] . MDA, a lipid oxidation end product, affects the mitochondrial respiratory chain complex and the activities of key enzymes in the mitochondria. Excess reactive oxygen species (ROS) come from mitochondria and result from the activities of NADPH www.nature.com/aps Cheng YS et al Acta Pharmacologica Sinica npg oxidase and induced NOS (iNOS) activity, which have been implicated in diabetic insults [26] . Increased ROS disturb many of the normal functions of the ER, induce cellular damage, and lead to apoptosis [27] . Activated iNOS can be combined with NO to form toxic peroxynitrite (ONOO· -), which impairs the subcellular apparatus of the myocardium. Upregulation of iNOS is associated with xanthine oxidase activation and upregulation of NADPH oxidase, p22phox, p40phox, and p47phox, leading to more cardiac dysfunction in diabetic cardiomyopathy [28] . These changes in calcium homeostasis and oxidative stress are consistent with our previous findings [8, 9] . In addition, oxidants and inflammatory cytokines, such as ROS, iNOS, endothelin-1, and leptin, damage DNA, leading to myocardial cell death.
Diabetes is often accompanied by obesity, abnormal lipid metabolism, and leptin upregulation [29, 30] . Leptin is a peptide OBRb serves as an inflammatory factor that mediates myocardial injury [22] . Disorder of calcium-modulating proteins, such as FKBP12.6 and SERCA2a, has been shown to play a role in diabetic or isoproterenol-induced cardiomyopathy, which causes oxidative stress and inflammation [8, 12, 21] . Downregulation of FKBP12.6 and SERCA2a leads to more intracellular Ca 2+ at the end of diastole, known as calcium leak, which we found in L-thyroxine-induced cardiomyopathy [30] . Thus, downregulation of FKBP12.6 is a marker of calcium leak, which causes cardiac dysfunction and severe arrhythmias. Endothelin receptor antagonists and CPU86017, a berberine derivative, relieve these conditions [23, 30] . Mutation of CASQ2 may cause an autosomal recessive form of the life-threatening arrhythmia CPVT. Additionally, mutations of RyR2 can lead to an autosomal dominant form of CPVT [25] . Normally, CASQ2 and RyR2 form tetramers. When SR calcium is low, RyR2 places the tetramer in an inhibitory state. When SR calcium increases, the CASQ2-RyR2 complex is weakened. If CASQ2 is mutated, the tetramer is even more unstable, and RyR2 sensitivity to calcium increases. As a result, SR calcium leak was more likely [31, 32] . We found that downregulation of CASQ2 is an important event in diabetic cardiomyopathy. Also, downregulation of FKBP12.6 and SERCA2a are likely involved. For example, an increase in the cytosol:SR calcium ratio disrupts SERCA2a function. Therefore, concentrations of calcium in the cytoplasm increase, and excessive calcium flows through sodium calcium exchanger (NCX), leading to increased Na + influx into myocardial cells, delayed repolarization, and arrhythmias [33] . Interestingly, in addition to mutation, CASQ2 can be altered by posttranscriptional modifications due to either isoproterenol or hyperglycemia, which also lead to cardiac failure and tachyarrhythmias. CASQ2, FKBP12.6, and SERCA2a are sensitive markers of oxidative stress in the myocardium. Isoproterenol-induced downregulation of FKBP12.6, SERCA2a, and CASQ2 has been associated with increased ROS [34, 35] . ROS produced by hyperglycemia and AGEs are considered to be mediated by the same mechanism as the downregulation of FKBP12.6, SERCA2a, and CASQ2 in diabetic cardiomyopathy. Therefore, sildenafil and FDP-Sr were effective in blunting the abnormalities in calcium-handling proteins and proinflammatory cytokines, such as leptin, iNOS, and endothelin-1, through their antioxidant activities. As demonstrated in this study, changes in CASQ2, FKBP12.6, and SERCA2a are not affected by exogenous testosterone even though the low serum androgen levels were corrected. This is likely due to the mild antioxidant activity of testosterone.
Myocardial diacylglycerol (DAG) activates protein kinase C (PKC) signaling pathways. This process has been found in the vascular tissue of diabetic animals and leads to increased blood vessel susceptibility to hyperglycemia. The PKC/ NFκB/c-fos pathway is activated in neonatal rat cardiomyocytes in high-glucose medium [36] . Activated PKCε has been found in isoproterenol-induced cardiomyopathy and in the vasculature of STZ-injected rats [37, 38] . PKCε overexpression may participate in downstream events, including K + channel and calcium-handling protein abnormalities, that are involved in diabetic or isoproterenol-induced cardiomyopathy [9, 12, 35] . In this study, PKCε mRNA expression was elevated, and pPKCε was increased in association with cardiac dysfunction. FDP-Sr and sildenafil decreased PKCε mRNA and pPKCε protein significantly, likely through their antioxidant activity .
Conclusion
In this study, CASQ2 was found to be abnormally expressed in diabetic cardiomyopathy. CASQ2 is actively involved in the pathogenesis of diabetic cardiomyopathy and is closely related to oxidative stress and inflammation. Furthermore, other calcium-handling proteins, such as SERCA2a and FKBP12.6, were abnormally expressed. Oxidants, iNOS, OBRb, and pPKCε serve as markers of the metabolic changes responsible for inducing diabetic cardiomyopathy. Sildenafil and FDP-Sr are beneficial for treating diabetic cardiomyopathy through their antioxidant and anti-inflammatory properties. However, FDP-Sr and sildenafil did not affect blood glucose or lipid metabolism, leaving the abnormal metabolic changes intact. Testosterone did not improve cardiac dysfunction or calcium homeostasis in the myocardium.
